During viral infection, effector CD8 T cells contract to form a population of protective memory cells that is maintained by IL-7 and IL-15. The mechanisms that control effector cell death during infection are poorly understood. We investigated how short-and long-lived antiviral CD8 T cells differentially used the survival and cell growth pathways PI3K/AKT and JAK/STAT5. In response to IL-15, long-lived memory precursor cells activated AKT significantly better than shortlived effector cells. However, constitutive AKT activation did not enhance memory CD8 T-cell survival but rather repressed IL-7 and IL-15 receptor expression, STAT5 phosphorylation, and BCL2 expression. Conversely, constitutive STAT5 activation profoundly enhanced effector and memory CD8 T-cell survival and augmented homeostatic proliferation, AKT activation, and BCL2 expression. Taken together, these data illustrate that effector and memory cell viability depends on properly balanced PI3K/AKT signaling and the maintenance of STAT5 signaling.
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apoptosis | cytokine signaling | interleukin 15 | interleukin 7 | lymphocytic choriomeningitis virus M emory CD8 T cells form from a much larger effector population and provide long-term immunity against subsequent infections via rapid reactivation. The exact biochemical mechanism governing the survival of memory cells and apoptosis of the majority of effector cells is not well understood (1) . As naïve T cells differentiate into effector and memory T cells, cytokines play a key role in their differentiation and survival. IL-2, IL-7, and IL-15 promote the expansion and survival of activated T cells (2) . As memory CD8 T cells form following acute viral infection, two of these cytokines, IL-15 and IL-7, direct memory T cell survival and homeostasis (3, 4) . Downstream of their specific receptors, IL-7 and IL-15 activate two primary pathways: janus kinase/signal transducer and activator of transcription 5 (JAK/STAT5) and phosphoinositide 3-kinase (PI3K)/AK-transforming (AKT). Activation of these two pathways results in decreased levels of proapoptotic proteins, increased expression of antiapoptotic genes such as BCL2, and activation of cellular growth and proliferation pathways regulated by mTOR and cyclins (5) . The balance between these pro-and antiapoptotic factors controls the survival of CD8 T cells after immunization (6) .
Early models predicted that effector CD8 T-cell contraction was a result of deprivation of T-cell growth factor cytokines that wane during the later stages of infection and that survival was determined via the stochastic interaction of effector T cells with these cytokines. However, effector CD8 T cells are a heterogeneous population composed of cells with varying intrinsic potential for survival and differentiation into memory cells (3, 7, 8) . During several types of infections [such as lymphocytic choriomeningitis virus (LCMV), vesicular stomatitis virus (VSV), Listeria monocytogenes, and Toxoplasma gondii], most of the effector CD8 T cells terminally differentiate and become short-lived, but a minority maintain memory potential and are capable of self-renewal (9) (10) (11) (12) (13) (14) . Separation of these subsets is possible because most memory precursor cells express higher amounts of IL-7Rα, CD27, and CXCR3 and lower amounts of KLRG1, whereas shorter-lived effector cells express these receptors in a reciprocal pattern (3, 10, 13, 15) . These findings indicate that the process of contraction is not stochastic and that effector CD8 T cells have acquired distinct cell fates; however, it does not discard the possible role of cytokine withdrawal in the contraction of effector cells. IL-7Rα is functionally required for memory precursor survival and optimal memory CD8 T cell generation (3, 4, 16) . However, forced IL-7Rα expression does not enhance memory CD8 T cell formation (17) (18) (19) . IL-15 also helps to sustain memory CD8 T cells and KLRG1
hi IL-7Rα lo effector CD8 T cells are acutely dependent on it (2, 15). Furthermore, the common γ-chain cytokine-induced proliferative responses of short-lived (KLRG1 hi ) effector T cells are subdued in comparison with memory precursor cells, suggesting that intrinsic differences exist between these two cell populations that modulate their cytokine responsiveness and survival (20) .
To better understand the role of cytokine-derived signals in the process of memory cell development and effector cell contraction, we interrogated the regulation of JAK/STAT5 and PI3K/AKT signaling pathways in viral-specific CD8+ T cells in vivo. We discovered that terminally differentiated effector CD8 T cells are impaired in the activation of the PI3K/AKT pathway but, surprisingly, constitutive AKT activation did not increase their survival. Rather, it caused feedback inhibition on the expression of IL-7Rα and IL-2/15Rβ chains, which in turn reduced STAT5 signaling, BCL2 expression, and memory cell formation. Conversely, constitutive STAT5 activation dramatically enhanced effector CD8 T cell survival and memory CD8 T cell formation after infection. These data highlight that key survival and mitogenic pathways are modulated in activated T cells by their differentiation state, and effector and memory T-cell longevity is regulated by an optimal balance of STAT5 and AKT activity.
Results

KLRG1
lo Effector CD8 T Cells Activate the PI3K/AKT Pathway in Response to IL-15 More Robustly than KLRG1 hi Effector Cells. Given that IL-15 is an important cytokine for memory CD8 T-cell homeostasis and survival, we compared the ability of KLRG1 hi IL-7Rα lo short-lived effector cells (SLECs) and KLRG1 lo IL-7Rα hi memory precursor effector cells (MPECs) to respond to IL-15. IL-15 signaling, as opposed to IL-7 and IL-2, was examined because IL-7Rα hi and IL-7Rα lo effector cells express similar levels of IL-15Rα and IL-2/15Rβ chains, whereas neither subset expresses the high-affinity IL-2Rα chain (Fig. S1A ). Both KLRG1 hi and KLRG1 lo CD8 T cells rapidly phosphorylated STAT5 and ERK1/2 in response to IL-15, indicating that the receptor is functional on both subsets (Figs. S1 B and C and S2 A and B) (17) . To examine the ability of effector CD8 T cells to activate the PI3K/AKT pathway, antigen-specific KLRG1 lo MPECs and KLRG1 hi SLECs were purified from mice infected 8-10 d earlier with LCMV and stimulated with IL-15. In response to IL-15, the KLRG1 lo effector CD8 T cells had significantly higher amounts of phosphorylated AKT at both the serine 473 and threonine 308 residues in comparison with the KLRG1 hi effector T cells ( Fig. 1 A and B) . This difference in AKT 473 phosphorylation was observed as early as 40 min post-IL-15 stimulation, but the signal increased substantially after overnight stimulation ( Fig. 1; Fig. S2 A and B) . The difference in phosphorylation could not be attributed to differences in the levels of total AKT protein in the two cell populations (Fig. 1C) . Concomitant with increased AKT phosphorylation, the KLRG1 lo effector cells also demonstrated a greater ability to phosphorylate downstream AKT targets GSK-3β, FOXO1, and FOXO3a ( Fig. 1 A and B) . Additionally, AKT phosphorylation could be inhibited by the PI3K inhibitor Ly294002, indicating that cytokine-induced AKT phosphorylation was PI3K-dependent (Fig. S2C ). This reduction in AKT phosphorylation in SLECs was not limited to IL-15, as similar results were obtained following both IL-2 and IL-7 stimulation (in which IL-7Rα expression was made equivalent via transgenic IL-7Rα expression) (Fig. S2D) . Furthermore, this difference was not mediated by the binding and activation of the inhibitory receptor KLRG1 (21) during sorting because similar results were observed when the cells were separated based on CD27, which inversely correlates with KLRG1 expression (Fig. S2C) . Last, the impaired AKT phosphorylation was not specific to the P14 T cell receptor (TCR) transgenic T cells analyzed above because similar results were observed in subsets of KLRG1 hi and KLRG1 lo cells isolated from polyclonal populations of CD44 hi effector cells after LCMV infection ( Fig. 2A , compare Wt KLRG1 hi and KLRG1 lo lanes).
Increased PI3K/AKT Signaling Does Not Enhance Memory CD8 T-Cell Development. To determine whether the reduced PI3K/AKT signaling in the KLRG1 hi effector CD8 T-cell subsets contributed to their shortened lifespan, we tried to "rescue" this defect in the effector CD8 T cells using two different approaches-phosphatase and tensin homolog (PTEN) deficiency and overexpression of constitutively active AKT by retroviral transduction. We first examined PTEN protein levels by Western blotting, but found no significant differences between the KLRG1 hi and KLRG1 lo effector cell subsets, implying that relative PTEN levels are not responsible for the differences in AKT phosphorylation (Fig. S3A) ; gzb-Cre − littermate animals (referred to as Wt) were used as controls. In this system, Pten is expressed normally during thymic development and in naïve T cells, but upon T-cell activation Cre recombinase is expressed and thus the Pten locus is deleted from >90% of the activated CD8 T cells during LCMV infection (23) . We confirmed by flow cytometry that PTEN levels were reduced in Pten T cells from LCMV-infected mice had constitutive AKT phosphorylation ( Fig. 2A and Fig. S3B ). Notably, the Pten −/− KLRG1 lo effector cells still retained a better ability to phosphorylate AKT than the Pten −/− KLRG1 hi cells ( Fig. 2A) , which implied that PTEN-independent mechanisms were involved in the differential activation of AKT in effector CD8 T-cell subsets. PTEN deficiency induced better survival of effector CD8 T cells under serumstarvation conditions in vitro as previously described ( i. All data points show the mean (±SEM) of more than five mice over separate experiments. All statistics were calculated by Student's t test. ***P < 0.0005, **P < 0.005, *P < 0.05.
Because PTEN deficiency affects other PI3K-regulated signaling pathways and the Granzyme B Cre conditional knockout system does not limit gene excision to only antigen-specific CD8 T cells, we also examined the role of AKT signaling in memory cell development by expressing a constitutively active form of murine AKT (referred to as CA-AKT) that is myristoylated and constitutively phosphorylated at Ser473 and Thr308 (25) . In these experiments, P14 TCR transgenic T cells (Ly5.1+) were transduced with a retrovirus (RV) expressing CA-AKT and the marker Thy1.1, and then transferred to congenic (Ly5.2+) LCMV-infected animals (26) . P14 CD8 T cells transduced with empty control (CTRL) RV were used for comparison. Similar to Pten −/− cells, CA-AKT RV effector CD8 T cells harvested from day 8 LCMV-infected mice survived better under serum starvation in vitro compared with CTRL RV cells (Fig. S4B) . When analyzed in vivo during LCMV infection, the CA-AKT P14 CD8 T-cell expansion was slightly increased, but the death of the CA-AKT RV P14 CD8 T cells during the contraction phase, between days 8 and 75 postinfection (p.i.), was considerably greater than CTRL RV cells (Fig. 2C) . These results indicate that increased and prolonged AKT activation does not improve the viability of effector CD8 T cells and can actually be detrimental to their subsequent survival and memory CD8 T-cell generation. ) or detrimental (CA-AKT) effects on the formation of CD8 memory T cells, it was important to test whether increasing AKT activity modified the composition and function of the effector and memory CD8 T-cell populations. First, the subsets of surviving CD8 T cells that formed with constitutive AKT activity were examined. The percentage of KLRG1
hi LCMVspecific CD8 T cells was not increased by constitutive AKT activity and, in fact, declined more than control cells over the weeks following infection (Fig. 3A and Fig. S5 ). This indicated that increased AKT activity alone could not rescue the death of the KLRG1 hi effector cell subset, even though these cells typically exhibit reduced AKT activity. Additionally, the expression of both IL-7Rα and CD62L were considerably down-regulated in PTEN-deficient and CA-AKT-expressing LCMV-specific memory CD8 T cells, consistent with previous findings (Fig. 3A and Fig. S5 ) (27, 28) . In addition, CA-AKT also caused the down-regulation of the costimulatory receptor CD27 and IL-2/15Rβ chain, a hitherto undescribed effect of hyperactive AKT that may also explain the more rapid loss of the IL-15-dependent KLRG1 hi effector cells in the CA-AKT cell population (Fig. 3A) (10, 29) . This effect on IL-2/15Rβ expression was not observed in Pten −/− CD8 T cells (Fig. S5) , perhaps because the steady-state levels of AKT activity were lower in these cells compared with CA-AKT cells based on ribosomal protein S6 phosphorylation (Fig. S6) . Maintenance of IL-2/15Rβ expression may allow for better survival of Pten −/− CD8 T cells following infection compared with CA-AKT-expressing cells (Fig. 2 B and C) .
We tested whether reduced expression of cytokine receptors in CA-AKT-expressing CD8 T cells prevented the phosphorylation of STAT5 in response IL-2, IL-7, and IL-15 in vitro, and found that STAT5 phosphorylation was inhibited ∼2-to 3-fold (Fig. 3B) . Likewise, the key antiapoptotic protein BCL2, which is also a STAT5 target gene, was almost undetectable in both the Pten −/− and CA-AKT RV memory T cells (Fig. 3A and Fig. S5 ). This effect on BCL2 expression likely contributed to the inability of increased AKT activity to enhance effector CD8 T cell survival and memory development ( Fig. 2 B and C) .
Last, we examined how constitutive AKT activity affected several important attributes of functional, long-lived memory CD8 T cells. The Pten −/− and CA-AKT memory CD8 T cells were able to produce IFNγ, TNFα, and Granzyme B, but the production of IL-2 was diminished (Fig. 3A and Figs. S5 and S7) . Thus, increased AKT activity impaired formation of "polyfunctional" memory CD8 T cells (30) . The reduced responsiveness of the CA-AKT memory CD8 T cells to IL-15 also greatly reduced their ability to self-renew, as they proliferated significantly less after transfer into congenic lymphoreplete hosts (Fig. 3C) (31) . Likewise, when challenged with recombinant Listeria expressing the LCMV peptide GP 33-41 (Listeria-GP33), CA-AKT effector CD8 T cells had weakened secondary responses relative to the control T-cell populations (Fig. 3D) . Together, these findings suggest that defective AKT signaling alone is not the primary cause of terminal effector cell apoptosis following infection, because constitutive AKT activation did not hinder cell death. Instead, it induced a negative feedback loop that repressed the expression of IL-7 and IL-15 cytokine receptors and impaired STAT5 signaling and BCL2 expression (6) . These results do not necessarily rule out that the basal levels of AKT activity are important for memory T-cell survival but rather underscore that the proper balance of AKT signaling is critical for optimal memory CD8 T-cell formation and function.
STAT5 Signals Are Sufficient for the Survival of CD8 Effector and
Memory T Cells. Next, we investigated the role of STAT5 signaling in effector CD8 T-cell survival because it is the other primary signaling pathway downstream of IL-7 and IL-15. To do so, P14 CD8 T cells were transduced with constitutively active (CA-STAT5) or dominant-negative (DN-STAT5) RVs and transferred into LCMV-infected mice. The percent and number of RV+ (Thy1.1+) effector CD8 T cells were measured over the course of LCMV infection, and we found that the different forms of STAT5 had striking effects on effector cell expansion and memory cell formation (Fig. 4A) . By day 8 p.i., the CA-STAT5 effector P14 CD8 T cells expanded ∼2-to 3-fold more than CTRL RV cells. CA-STAT5 transduced T cells continued to expand until day 15 p.i. and did not contract thereafter, leading to the formation of ≈30-40 × 10 6 memory CD8 T cells in the spleen of each animal (Fig.  4B) . The CTRL RV population declined normally, and therefore the expression of CA-STAT5 resulted in an ∼280-fold increase in the number of memory CD8 T cells that formed 75 d p.i. (Fig. 4B) . The preferential survival of the CA-STAT5 CD8 T cells was also evident in that they rose from ∼20% to ∼75-90% of the transferred P14 CD8 T-cell population (Fig. 4A) . Conversely, DN-STAT5 expression substantially reduced expansion and memory cell formation compared with the CTRL RV P14 CD8 T cells (Fig. 4A) . Thus, constitutive STAT5 activity profoundly enhances virusspecific effector and memory T-cell survival after infection.
We next inspected how CA-STAT5 affected the survival of the different effector and memory CD8 T cell subsets, based on KLRG1 and IL-7Rα expression, following LCMV infection. As expected, the KLRG1 hi IL-7Rα lo CTRL RV population contracted nearly 100-fold between days 8 and 75 p.i. (Fig. 4C) hi LCMV-specific CD8 T cells, as this population increased in number ∼18-fold during this time period and was the most abundant in the memory CD8 T-cell population (Fig. 4C) .
To determine whether CA-STAT5 affected other phenotypes and functions of the memory CD8 T cells, we performed a similar analysis as that described above for CA-AKT transduced cells. Unlike the effects of CA-AKT, we found less profound alterations in the expression of proteins such as IL-7Rα, IL-2/15Rβ, CD27, and CD62L (Fig. S8) . In contrast to CA-AKT transduced T cells, IL-2/15Rβ and CD27 were slightly up-regulated in the CA-STAT5 memory CD8 T-cell population. As expected, because it is a target of STAT5, BCL2 was substantially increased in the CA-STAT5 effector and memory CD8 T cells (Fig. 5A and Fig. S8) (32) . Next, we examined the recall responses of CA-STAT5 CD8 T cells to secondary LM-GP33 infection, but did not see any substantial beneficial effect of increased STAT5 activity on either subset of effector CD8 T cells (Fig. 5B) .
Continued proliferation could contribute to the increase in memory CD8 T-cell numbers by constitutive STAT5 activation. To examine this point, we treated animals containing CA-STAT5 or CTRL RV P14 memory CD8 T cells with BrdU from day 65 to 75 p.i. and found CA-STAT5 expression induced a significant increase in proliferation compared with controls (Fig. 5C) . In addition, the KLRG1 lo cells incorporated BrdU to a greater degree than the KLRG1 hi cells, indicating that sustained proliferation contributes to the profound rise in the number CA-STAT5-expressing KLRG1 lo memory CD8 T cells (Fig. 5C ). Finally, in CD4 T cells and myeloid leukemias, it has been shown that STAT5 signaling increases cell viability by potentiating PI3K/ AKT signaling (33, 34) . To test whether a similar mechanism was occurring in the CA-STAT5 RV-expressing T cells, we examined the ability of these cells to phosphorylate AKT in response to IL-15. We found that CA-STAT5 expression increased the ability of both KLRG1
hi and KLRG1 lo T cells to induce pAKT 473 both unstimulated and in response to IL-15 (Fig. S9) . Thus, the profound increase in effector and memory CD8 T-cell survival and proliferation by CA-STAT5 may not solely stem from increased expression of STAT5 target genes, but may partially rely on augmented AKT signaling. hi subset (17, 36) . In addition, the terminally differentiated KLRG1
hi CD27 lo IL-7Rα lo T cells show poor AKT activation in response to both cytokine and TCR stimulation (21, 37, 38) . Given that AKT activity is necessary for cell survival in a variety of cell types, we hypothesized that the reduced AKT activity in KLRG1
hi IL-7Rα lo terminal effector cells was the basis of their shortened lifespan (39) . However, our results showed that elevating AKT activity in virus-specific CD8 T cells could increase effector T-cell survival under cytokine deprivation conditions in vitro, but could not reduce effector CD8 T cell death during the contraction phase in vivo and, in the case of CA-AKT expression, even exacerbated their contraction. Persistent AKT activity in the virus-specific CD8 T cells induced a negative feedback mechanism that repressed expression of IL-7Rα and IL-2/15Rβ chains and the signals they transduce, such as STAT5. This effect correlated with animals from five separate experiments. All statistics were calculated with Student's t test. ***P < 0.0005, **P < 0.005, *P < 0.05. impaired homeostatic turnover of memory CD8 T cells and secondary responses to reinfection. Both approaches we took to activating AKT (Pten −/− and CA-AKT) produced chronic and strong AKT signaling. Presumably, more subtle increases in AKT activation that do not affect cytokine receptor expression and downstream STAT5 activity could enhance the survival of effector CD8 T cells. Although it is likely that defective AKT signaling in the KLRG1 hi effector CD8 T cells contributes to their reduced fitness and longevity, our data suggest that activating AKT alone is not sufficient to "save" effector CD8 T cells and that proper regulation of this molecule is needed for optimal effector cell viability and memory CD8 T-cell function and homeostasis.
In contrast, our data clearly show that constitutive STAT5 signaling is sufficient for survival of effector CD8 T cells and formation of larger numbers of memory CD8 T cells. Expression of CA-STAT5 had a profound ability to block contraction of the KLRG1 hi IL-7Rα lo SLECs and inflate the other subsets of memory T cells. This inflation was associated with a greater amount of "homeostatic" proliferation in the CA-STAT5 memory CD8 T cells, especially in the KLRG1 lo cells, which naturally have a higher proliferative capacity relative to the KLRG1 hi cells (10, 17, 20) . It was surprising that CA-STAT5 did not augment the proliferative capacity of CD8 T cells to secondary infection, suggesting that increasing STAT5 activity does not boost secondary antigen-driven proliferation. Unlike CA-AKT, CA-STAT5 augmented the expression of CD27, IL-2/15Rβ chains, and BCL2. Thus, elevated STAT5 activity appears to greatly enhance the survival and homeostasis of all antigen-specific effector and memory CD8 T cells, which is consistent with the observation that mice made transgenic for STAT5 have significantly increased numbers of memory cells (40) (41) (42) .
The implications of these results are that STAT5 activity is somehow limiting in KLRG1 hi effector cells after infection and that this contributes to their death. In support of this idea, bona fide antiapoptotic STAT5 target genes, such as Bcl2, Pim2, and Serpina3g (Spi2a), are up-regulated in KLRG1 lo IL-7R hi effector CD8 T cells compared with KLRG1
hi IL-7R lo cells (3, 10, 43) . Additionally, an increased ability to activate STAT5 has been reported in human CD27 hi CCR7 hi "central memory" cells (T CM ) compared with CD27 lo CCR7 lo "effector memory" T cells (T EM ) (38 hi and KLRG1 lo effector CD8 T cells during the contraction phase in vivo but that differential expression of other transcription factors or microRNAs modulates STAT5-dependent gene expression, leading to differential gene expression and cell survival. Finally, in a T-cell line, it has been shown that STAT5 cannot act alone, and requires PI3K/AKT signaling, to activate ccnd2 (CYCLIN D2) and bcl2l1 (BCLXL) transcription (45) . Thus, KLRG1
hi cells would be unable to activate genes requiring both STAT5 and PI3K/AKT activity. Our studies with CA-AKT were unable to test this possibility because of the down-regulation of the cytokine receptors and STAT5 signaling.
The cause of the defect in AKT phosphorylation in terminally differentiated KLRG1
hi CD27 lo IL-7Rα lo effector and memory CD8 T cells is not known. Our data showed that CA-STAT5 could potentiate AKT signaling and complement AKT activation in KLRG1 hi cells, indicating cross-talk between the two pathways. Perhaps a paucity of STAT5 activity in the KLRG1 hi effector CD8 T cells in vivo leads to the observed defect in AKT activity, which, in turn, reduces the long-term fitness and survival of this cell population. Expression of KLRG1 may also contribute to reduced AKT activation. A recent report showed that blocking the inhibitory receptor KLRG1 from engaging its ligands, E-and Ncadherins, on dendritic cells augmented TCR-driven AKT 473 phosphorylation and proliferation of human KLRG1 hi CD27 lo CD8 T cells (21) . All of our biochemical studies were performed on FACS-purified CD8 T cells, which do not express high levels of Ecadherin, and therefore the role of KLRG1 was not directly investigated here (21) .
As effector CD8 T cells transition to memory cells, they switch from glycolysis to fatty acid oxidation due to the down-regulation of TORC1, a downstream target of AKT (42, 46) . Indeed, blocking TORC1 in T cells during viral infection increases formation of memory CD8 T cells. Thus, the poor memory CD8 T cell development and function observed with CA-AKT in our experiments may be linked to this mechanism as well. PI3K/AKT/ TORC1 signaling can also regulate the expression of L-selectin (CD62L), which distinguishes the T EM and T CM memory T-cell subsets (28 hi counterparts, which suggests that an additional AKT-independent mechanism for CD62L repression exists in CD8 T cells (21, 37) . We would postulate that PI3K/AKTdependent regulation of CD62L expression predominantly occurs in the T CM subset, which has increased AKT signaling.
Multiple reports now show that a CD8 T cell's differentiation state influences its ability to survive and proliferate by a variety of mechanisms. Our work shows that sustained STAT5 activity is a very powerful signal for enhancing memory CD8 T-cell survival, regardless of differentiation state, and suggests that this signal may be lacking in terminally differentiated cells. Furthermore, STAT5 activation increased the production of memory T cells without any obvious oncogenic effects, and therefore modulation of this molecule may be beneficial for vaccine development and treatments of chronic infections or tumors.
Materials and Methods
Mice and Viral/Bacterial Infection. C57BL/6Ncr mice were purchased from the National Cancer Institute. B6.SJL-Ptprc a Pepc b /BoyJ (Ly5.1+) and Pten floxed (Pten fl/fl ) animals were purchased from The Jackson Laboratory. Granzyme B Cre transgenic animals were the kind gift of Joshy Jacob (Emory University, Atlanta, GA). P14 and P14 IL-7Rα transgenic (IL-7Rαtg) mice have been previously described (17) . To make P14 chimeric mice, small numbers (∼2,500) of Wt or P14 CD8 T cells were adoptively transferred into C57BL/6 mice that were subsequently infected with 2 × 10 5 pfu LCMV Armstrong i.p. For secondary infection, C57BL/6 mice containing ∼2,500 P14 CD8 T cells were infected with 2 × 10 4 cfu recombinant Listeria monocytogenes i.v. that expresses the LCMV GP 33-41 epitope (strain XFL203, but referred to as Listeria-GP33) (3). All experiments were done with approved Institutional Animal Care and Use Committee protocols.
Retroviral Transfection. Activated P14 TCR transgenic T cells were transfected with murine stem cell virus retroviruses containing CA-AKT, CA-STAT5, or DN-STAT5 and coexpressing Thy1.1, as described previously (10, 26) . CA-AKT, DN-STAT5, and CA-STAT5 retroviruses have been described previously (25, 48 ) of P14 retrovirally transfected memory (d30 p.i.) CD8 T cells were transferred i.v. into naïve C57BL/6 mice. Cells were labeled with CFSE (Invitrogen) per the manufacturer's instructions.
